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We have examined the synthesis of keratin and total 
protein during cellular maturation in cultured oral and 
epidermal keratinocytes. Keratinocytes were separated 
on the basis of maturational age on gradients of Ficoll 
400. Analysis of selected gradient fractions revealed that 
during maturation in culture the amount of protein/cell 
increases from 100 to 900 pg and the apparent rate of 
protein synthesis increases about two-fold. However, the 
proportion of protein that is keratin remains constant 
throughout this process. The major keratin proteins 
(58K, 56K, 50K, and 46K) are synthesized at the same 
relative rates throughout maturation in vitro. Therefore, 
during terminal differentiation in culture, the keratino-
cyte forms an expanding cell in which the rate of protein 
synthesis increases while the relative proportion of ker-
atin proteins arid nonkeratin proteins remain the same. 
During transit to the surface, the dry mass of the epidermal 
keratinocyte increases from approximately 100 pg in the basal 
layer to 700 pg in the stratum corneum [1]. The incorporation 
of radioactive amino acids into cells of the basal, spinous, and 
granular layers indicates that this increase in mass is the result 
of protein synthesis [2]. A major portion of the cellular protein 
is keratin, which is organized into 80 A (tono)ftlaments [3]. The 
number of tonoftlaments in each cell appears to increase during 
kerati~ization until, in the stratum corneum, the only discern-
ible cytoplasmic structures are bundles of tonofilaments em-
bedded in an amorphous matrix [4,5]. 
Tonofilaments are composed of a family of fibrous proteins 
of different molecular weights with similar amino acid compo-
sitions and with varying degrees of sequence homology and 
immunological cross-reactivity [6]. . The outstanding property 
of these proteins is their ability to aggregate in vitro to form 
heteropolymeric filaments [7]. The molecular weights of keratin 
proteins recovered from the upper layers of the epidermis tend 
to be larger than those of keratins recovered from the lower 
layers [8,9]. Larger molecular weight keratins are translated 
from different mRNA molecules than smaller keratins [10], and 
the suggestion has been made that changes in keratin compo-
sition in the epidermis are, in part, related to·changes in mRNA 
content [9]. It is becoming apparent that keratin biosynthesis 
is not a simple process, but one that undergoes some form of 
regulation during the keratinization process. 
In this study we examine the changes in keratin biosynthesis 
during maturation of cultured oral and epidermal keratinocytes. 
Keratinocytes, grown with feeder layers of inactivated mouse 
3T3 fibroblasts, produce a stratified squamous epithelium (ll] 
that contains keratin proteins and tonofilaments [12]. Keratin 
proteins from cultured cells are similar to the keratins of the 
epidermis, but are lacking in those keratin proteins that are 
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typically seen in the stratum corneum [9]. We have cultured 
epidermal and oral keratinocytes, separated them on the basis 
of maturation age, and monitored several parameters of keratin 
biosynthesis. Our interest was directed at the manner in which 
keratin proteins accumulate during the keratinization process. 
METHODS 
Cell Culture and Labeling Conditions 
Keratinocytes from human epidermis and oral (buccal) epithelium 
were grown as described previously [13] in medium containing 10% 
fetal calf serum, 90% Dulbecco's modified Eagle's medium, 1.0 ftg/ml 
hydrocortisone, 10- 2 Jlg/ml epidermal growth factor (Collaborative 
Research) [14] and w-ll M cholera enterotoxin (Schwarz/Mann) [14]. 
Radioactive labeling was performed with the fo llowing isotopes: 0.1 
JLCi/ml [T '''C]thymidine (TdR, 57.7 mCi/mM, Amersham), 1.0 JLCi!ml 
thymidine[methyl-"H] (73.5 Ci/mM), glycine[U-"C] (100 mCi/mM), L-
leucine[U-"C] (290 mCi/mM), L-lysine.HCl(U-' ''C] (300 mCi/mM, ICN 
Pharmaceuticals), and L-methionine["''S] (200 mCi/mM, New England 
Nuclear). When a radioactive amino acid was used, the defined portion 
of the medium was prepared so as to contain one-tenth the usual 
quantity of that amino acid and the labeled amino ac id was used at a 
concentration of 1 JLCi/ml. 
Fractionation of Cells in Ficoll Gradients 
Keratinocytes were fractionated on gradients of Ficoll 400 according 
to the pwcedures described by Pretlow, Weir, and Zettergren [15] and 
Sun and Green (16], with some modifications. Keratinocytes from 
mature cultures in the second to fourth passage were disaggregated 
with 0.02% trypsin (Worthington) after prior removal of feeder cells 
and any contaminating fibroblasts with 0.02% Na2EDTA (13]. Trypsin 
was inactivated by mixing with cultme medium, and the cells were 
washed 3 times with phosphate buffered saline (PBS) lacking Mg++ 
and ca++ ions. 5-10 x lOG keratinocytes in 5 ml of PBS with 0.2% calf 
thymus DNA were ·loaded onto 3- 25% or 2-20% Ficoll 400 gradients 
and centrifuged as described (16]. The Ficoll 400 (Pha.rmacia Fine 
Chemicals) was dissolved in PBS instead of Joklik-modified minimal 
essential medium and contained no bovine serum albumin. These 
modifications permit measurement of cellular protein directly in Ficoll 
and do not alter the separation of the cells. Gradient fractions (4 ml) 
were collected by inserting a glass capillary through the gradient to the 
bottom of the tube and pumping the Ficoll solu tion out with a peristaltic 
proportioning pump (Technicon). The refractive index was measured 
at 20°C and the number of cells was determined by diluting an aliquot 
of each fraction in Isoton (Coulter Electronics) and counting in a 
Coulter Counter (Model ZB). Cell volumes were measmed with a 
Coulter channelyzer, and the mean cell volume was determined from 
the frequency distribution graph. 
Measurement of Protein. per Cell 
To measure the amount of protein per cell, 40 Jll aliquots of the 
gradient fractions were spotted repeatedly on l'h inch squares of 
Whatman #42 ftlter paper until the number of cells spotted was greater 
than 2 X 104 • Total volumes applied ranged typically from 80 to BOO pl. 
Control experiments show that reliability of the assay is not adversely 
affected by the increased volume of sample provided that each 40 Ill 
aliquot is allowed to dry before application of the next aliquot. The 
paper squares were stained with xylene brilliant cyanin G (ICN Phar-
maceuticals), and the protein was assayed as described by Bramhall et 
al [17]. Bovine serum albumin was used as a standard. 
Measurement of Keratin Per Cell and Fluorography 
Aliquots of FicoU containing a total of 2 X 10'' cells were taken fwm 
selected fractions and diluted with PBS so that the final concentration 
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of Ficoll was less than 3%. The cells were pelleted by centrifugation at 
1,200 g for 60 min at 4 °C. Failure to dilute the Ficoll suffic iently resul ts 
in a poor recovery of cells, especially the larger, less dense cells. The 
pellets were then dissolved in 60 iJ-1 of electrophoresis sample buffer [12]. Insoluble material was removed by centrifugation for 30 min in an 
Eppendorf centrifuge (Model 3200). The supernatant containing the 
"total cell protein" was subjected to electrophoresis in a 12% polyacryl-
amide slab gel containing sodium dodecyl sulfate [12]. The gel was 
stained with Coomassie brilliant blue R-250, destained, and photo-
graphed with Kodak Plus X film using a red filter. A densitometric 
calibration standru·d (Kodak Photographic Step Tablet #2) was pho-
tographed alongside of the gel to ensure that the level of darkening of 
both the background and the protein bands was within the linear 
response range of the film. The protein bands were scanned with a 
microdensitometer (Joyce-Loebl), and the ru·ea under the peaks was 
determined with the aid of a computer. Keratin bands we1·e identified 
by electrophoresis of keratin isolated [18] from sister cul tures. The 
amount of keratin relaLive to the total protein was calculated by 
cornpru·ing the total ru·ea identified with keratin bands to the total area 
of a ll proteins. In some experiments, fluorography [19] was performed 
on radioactively labeled keratin samples. 
RESULTS 
Fractionation of Cultured Keratinocytes Based upon Their 
Maturational Age 
C ultured oral and epidermal keratinocytes were disaggre-
gated with trypsin and centrifuged through 2-25% linear gra-
dients of Ficoll 400, as described by Sun and Green [16], with 
modifications described in M ethods. The cells formed a single 
broad band whose density ranged from 1.032 to 1.047 g/cm3 and 
whose m ean cell volume ranged from 10,000 IL" to 25,000 !J.3 (Fig 
1). The results throughout were the same for oral and epidermal 
cells. Sun and Green [16] have shown that the smaller, more 
dense cells are the younger cells and the larger, less dense cells 
are the older cells. To verify this, we labeled a cultm e of cells 
for 24 hr with [ 14C]TdR and followed this 7 days later with a 24 
hr exposm e to CHJTdR. The cells were separated on a Ficoll 
gradient and the acid precipitable radioactivity per cell was 
measmed (Fig 2). The [ 14C]la bel was found predominantly in 
the larger, or older cells, and the [3H]label was seen primarily 
in the smaller, or younger cells. This result indicates that the 
use of Ficoll gradients separates young and old cells. 
The Synthesis of Proteins in Keratinocytes at Various Stages 
of Maturation 
The relative rate of protein synthesis during maturation was 
estimated by labeling the cultures for 16 hr with [ 14 C]lysine, 
leucine, and glycine and m easuring the counts per minute 
incorporated per cell in selected fractions of the Ficoll gradient 
(Fig 3). Dming this period of time the oldei· keratinocytes 
incorporated about two-fold more labeled amino acids than the 
younger cells. 
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FIG 1. Sepamtion of keratinocytes of different sizes in a Ficoll 
gradient. 6 X lOo; oral keratinocytes were sedimented in a 3-25% gradient 
of Ficoll 400. Mean cell volumes are plotted for selected fractions. 
Direction of sedimentation is right to left. 
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FIG 2. Sepru·ation of "old" and "young" keratinocytes in Ficoll gra-
dient. A culture of oral keratinocytes was labeled with ["C]TdR for 24 
hr. Seven days later the culture was labeled with ["H]TdR for an 
additional 24-hr period. The cells were fractionated in a 3-25% gradient 
of Ficoll 400. The ["C]label is present in "old" cells and the ["H]label 
is present in "young" cells. 
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FIG 3. Incorporation of [ 04C] amino acids into oral keratinocytes at 
various stages of maturation. ["C]lysine, leucine, and glycine were fed 
to cultmes of epidermal keratinocytes for 16 h1·. The cells were frac-
tionated in a 2-20% gradient of Ficoll 400 and the amount of acid 
precipi table radioactivity incorporated per cell was measmed. 
The amount of protein per cell was measured by applying 
aliquots of the Ficoll fractions directly to fil ter paper squares 
and staining them with xylene brilliant cyanin G as described 
by Bramhall et al [17]. Each young cell contained about 100 pg 
of protein and each older cell contained about 900 pg (Fig 4B). 
To determine if th e relative a mount of kerati n per cell 
changes during maturation, extracts of the total cell protein 
were prepared from selected fractions of the Ficoll gradient and 
electrophoresed on a polyacrylamide gel. The stained gel was 
photographed and the density of each protein band was deter-
mined from microdensitometric tracings. T he amount of keratin 
relative to the total protein was calculated by comparing the 
total area of the keratin bands to the total area of all of the 
bands on th e gel. Results in F ig 4C indicate that the relative 
amount of keratin as measured by staining properties on an 
acrylamide gel remains constant at about 0.5 for each gradient 
fraction. Since it is not known if each protein in the gel binds 
equivalent amounts of stain on a weigh t per weight basis, the 
value of 0.5 is not a true measure of the relative amount of 
keratin per cell although it is reasonably close to the value of 
0.25-0.35 obtained by Sun and Green [16]. The important point 
is that th e amount of keratin relative to total cell protein does 
not change during the maturation process. 
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FIG 4. The amount of protein/cell (B) and the relative amount of 
keratin/total protein (C) at various stages of maturation. 107 epidermal 
keratinocytes were fractionated on a 2-20% gradient of Ficoll 400. 
To determine relative rates of synthesis of individual keratin 
proteins during the maturation process, a culture of cells was 
labeled with [35S)methionine for 12 hr and the cells were 
separated on a Ficoll gradient. Keratin was extracted from cells 
in selected gradient fractions, run on a polyacrylamide gel, and 
subjected to fluorographic analysis (Fig 5). Relative intensit ies 
of the keratin bands from any one gradient fraction were the 
same as those from other fractions. Therefore, individual ker-
atin proteins are synthesized at the same relative rates through-
out the maturational process. 
DISCUSSION 
In culture, oral and epidermal keratinocytes form a stratified 
squamous epithelium in which young cells in the basal layer 
transit to the surface. We have observed that during this transit, 
cells increase in volume by a factor of 3, and several changes 
occur with respect to protein synthesis: amount of protein per 
cell increases from 100 to 900·pg; rate of amino acid incorpora-
tion into total protein increases about two-fold; keratin remains 
a constant fraction of the total protein; and rates of synthesis of 
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FIG 5. Fluorogram of [""S]labeled keratin proteins synthesized by 
keratinocytes at various stages of maturation. A culture of oral keratin-
ocytes was labeled for 12 hr with (3"S]methionine. 4 x lOG keratinocytes 
were separated on a 3-25% Ficoll gradient and keratin was extracted 
from cells at selected points in the gradient. The keratin was run on a 
polyacrylamide gel and subjected to autoradiography. The keratin 
proteins and their molecular weights are indicated by arrows. Keratins 
fTom a mixed population of starting cells are shown in lanes A and G. 
individual keratin proteins remain constant with respect to one 
another. Since the fraction of protein that is keratin remains 
constant at the same time as the apparent rate of protein 
synthesis increases, the apparent rate of keratin biosynthesis 
must also increase. The overall picture is that of an enlarging 
cell in which both overall protein synthesis and keratin synthe-
sis increase at the same rate. 
We speak of an "apparent" increase in the rate of protein 
synthesis rather than an absolute increase. To equate rate of 
incorporation of labeled amino acids with rate of protein syn-
thesis, one must know that the amino acid has equilibrated 
with intracellular pools and that the rate of degradation of the 
protein is negligible or constant. Since the labeling period was 
extended over a 12-hr period, it is likely that the labeled amino 
acids have equilibrated with intracellular pools. The rate of 
degradation is not known, and therefore we must exercise some 
caution in this instance when equating the rate of incorporation 
to rate of synthesis. An enhanced rate of labeled lysine and 
leucine incorporation in the spinous layer as compared to the 
basal layer has been observed both in the intact epidermis [2) 
June 1982 KERATIN BIOSYNTHESIS IN CULTURED KERATINOCYTES 467 
and in spinous cells isolated from various strata of intact epi-
thelium [20]. The accelerated rate of synthesis observed in 
cultmed cells is therefore mirrored in the intact epithelium. 
It is not known if the percentage of protein that is keratin 
increases in each cell during in vivo keratinization. The increas-
ing concentration of tonofllaments seen in the intact skin during 
transit to the smface [5] suggests that keratin does increase in 
proportion to the total protein. Keratin is reported to comprise 
25 to 35% of the protein of cultured keratinocytes and 80% of 
the protein in stratum corneum [12]. However, it is not certain 
whether this apparent increase represents a disproportionate 
increase in synthesis of keratin or a selective degradation of 
nonkeratin proteins. Keratinocytes lose 45 to 86% of their dry 
weight upon leaving the granular layer suggesting that protein 
degradation does occur in the final stages of keratinization. 
In culture, there was no change in the ratio of keratin to total 
cell protein during transit to the surface. It is conceivable that 
keratin biosynthesis occurs in 2 phases. In an initial phase, 
keratin production keeps pace with the increasing rate of total 
protein synthesis; in a second phase, keratin production out-
paces total protein synthesis and/or nonkeratin proteins are 
selectively degraded. In the epidermis the postulated first phase 
might occur in the lower strata and the postulated second phase 
might occur in the upper strata. Only the fu·st phase occurs in 
the epithelium generated by cultured keratinocytes. Buccal 
epithelium is characterized by a lack of granular layer and 
stratum corneum [22]. The concentration of tonofilaments does 
not increase significantly during the transit to the sw-face. It is 
possible that only the first phase of keratin biosynthesis occu1·s 
in t his epithelium and that the second phase does not occur 
under normal circumstances. Metaplasia of the buccal epithe-
lium involves the acquisition of a normal appearing granular 
layer and stratum corneum, as though the second phase of 
keratin biosynthesis were turned on. It is conceivable that 
certain disorders ofkeratinizatic11 involve disrupticn to discrete 
phases of keratin biosynthesis. 
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